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ABSTRACT

The autocorrelation spectral density (ASD) was introduced as a generalization of the classical

periodogram-based power spectral density (PSD) and as an alternative tool for spectral analysis of uniformly

sampled weather radar signals. In this paper, the ASD is applied to staggered pulse repetition time (PRT)

sequences and is related to both the PSDand theASDof the underlying uniform-PRT sequence.An unbiased

autocorrelation estimator based on the ASD is introduced for use with staggered-PRT sequences when

spectral processing is required. Finally, the strengths and limitations of the ASD for spectral analysis of

staggered-PRT sequences are illustrated using simulated and real data.

1. Introduction

Weather observations using pulsed Doppler radars

are limited by inherent range and velocity ambiguities.

The Doppler dilemma states that, for radars operat-

ing with a uniform pulse repetition time (PRT), the

maximum unambiguous range (ra) and maximum un-

ambiguous velocity (ya) are inversely coupled: improving

one typically results in worsening the other (Doviak and

Zrnić 1993). One way to address this limitation is

through the use of nonuniform transmitter sequences.

Sirmans et al. (1976) first proposed pulse trains with

alternating (or staggered) PRTs on weather radars to

extend ya without reducing ra. Compared to the con-

ventional processing of uniformly sampled signals, the

staggered-PRT technique extends the maximum un-

ambiguous velocity by considering Doppler velocity

estimates from sample pairs spaced by two different

PRTs (T1 and T2). Because the PRTs are different, so

are their corresponding maximum unambiguous veloc-

ities (ya1 and ya2); thus, Doppler velocity estimates (y1
and y2) from each set of sample pairs alias in different

ways and provide a means to identify the correct way to

dealias them over a much larger interval. That is, for a

PRT ratio of the formT1/T25 n1/n2 (where n1 and n2 are

small positive integers that share no common factors

except 1), the extendedmaximumunambiguous velocity

using the staggered-PRT technique is ya 5 n1ya1 5 n2ya2
(Torres et al. 2004).

A similar technique was proposed by Dazhang et al.

(1984), whereby a train of pulses with (uniform) PRT of

T1 is followed by another train of pulses with PRT of T2.

This dual pulse repetition frequency (PRF) technique

has a practical advantage over staggered PRT in that it is

amenable to conventional ground clutter filters. How-

ever, dual PRF is prone to velocity-dealiasing errors if

there is shear in the radar resolution volume, which is

likely for scanning antennas and small-scale weather

phenomena, such as tornados. The staggered-PRT

technique is not as prone to shear-induced velocity-

dealiasing errors and provides an additional advantage

in the way range overlaid echoes are handled (Doviak

and Zrnić 1993; Warde and Torres 2009). Other tech-

niques have been proposed that use more than two in-

terlaced PRTs and allow an even greater extension of

ya (e.g., Chornoboy and Weber 1994; Pirttilä et al. 2005;
Cho 2005; Tabary et al. 2006; Torres et al. 2010). How-

ever, their increased complexity makes them more

appealing for use on radars that operate at shorter

wavelengths or that cannot operate with short PRTs, for

which the performance of the staggered-PRT technique

may be inadequate to resolve the exacerbated range and

velocity ambiguities (e.g., Tabary et al. 2005).

To achieve a good balance between performance and

complexity, the U.S. National Weather Service (NWS)
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has adopted the staggered-PRT technique for future

operational implementation on their S-band Weather

Surveillance Radar-1988 Doppler (WSR-88D) network

(Warde et al. 2014). One of the main challenges of

developing an operational implementation of the

staggered-PRT technique has been the design of effec-

tive ground clutter filters, which is a nontrivial task due

to the inherent nonuniform sampling of the signals.

When left unaddressed, contamination from ground

returns can greatly affect the performance of weather

radars by severely biasing all radar variables and po-

tentially impeding the recognition of weather phenom-

ena (Doviak and Zrnić 1993). Much research has been

devoted to the design of effective ground clutter filters

for weather radars; the reader is referred to Hubbert

et al. (2009) and Moisseev and Chandrasekar (2009) for

excellent literature reviews on ground clutter filters for

weather radars. Recently, the novel Clutter Environ-

ment Analysis using Adaptive Processing (CLEAN-

AP1) filter (Torres and Warde 2014) was identified as a

candidate for operational implementation on the WSR-

88D. At the core of the CLEAN-AP filter is the auto-

correlation spectral density (ASD) introduced by

Warde and Torres (2014) as an extension of the classical

periodogram-based power spectral density (PSD). Un-

like the PSD, the ASD includes spectral phase in-

formation that allows the robust identification of

narrowband signals, such as those typical of ground

clutter returns.

In this paper, we apply the ASD to staggered-PRT

sequences and relate them to the PSD and to the ASD

of the underlying uniform-PRT sequence. Further, we

derive autocorrelation estimators that are compatible

with staggered-PRT processing and explore the utility

of the ASD for spectral analysis of staggered-PRT

sequences. This work is used by Warde and Torres

(2016, manuscript submitted to J. Atmos. Oceanic

Technol., hereafter Part II) as a basis for integrating

the CLEAN-AP filter into the WSR-88D staggered-

PRT algorithm.

2. The ASD of staggered-PRT sequences

TheASDwas introduced byWarde and Torres (2014)

as a generalization of the PSD and as an alternative tool

for spectral analysis of weather radar signals. In this

section, the theory of the ASD for uniformly sampled

signals is reviewed and the ASD is applied to staggered-

PRT sequences.

Consider a uniformly sampled complex-valued se-

quence fV(kTs)g with 0#k,K, where K is the length

of the sequence and Ts is the sampling period (i.e., the

PRT). Assume that there are enough samples such that

l1 1 subsequences withM samples each can be formed:

fV(mTs)g, fV[(m1 1)Ts]g, . . . , and fV[(m1 l)Ts]g,
wherem and l are positive integers, and 0#m,M. The

lag-l ASD is defined as

Ŝ
l
( f )5

T
s

M
F

0
*( f )F

l
( f ), 2(2T

s
)21 , f , (2T

s
)21 , (1)

where f is Doppler frequency and the superscript

asterisk (*) denotes complex conjugation. In this for-

mulation, Fi (i 5 0 or l) is the discrete-time Fourier

transform (DTFT) of the M-sample signal subse-

quence after time shifting by iTs and windowing

with a power-preserving data window (d) such that

�M21

m50d
2(mTs)5M; that is,

F
i
( f )5 �

M21

m50

d(mT
s
)V[(m1 i)T

s
]e2j2pfTsm . (2)

It was proven by Warde and Torres (2014) that the ex-

pected value of the lag-lASD is the circular convolution

(denoted by ;) between a complex spectrum with

magnitude given by the PSD and with linear phase given

by 2pfTsl and the DTFT of the lag window2 (W); that is,

E[Ŝ
l
( f )]5 [S( f )ej2pfTsl];W( f ) . (3)

The ASD conveys explicit phase information that re-

veals spectral signatures not obvious in the PSD. In fact,

the effects of data windowing on the phase of the ASD

can be exploited to robustly identify narrowband signals

and improve the mitigation of ground clutter contami-

nation on weather radars (Torres and Warde 2014).

To apply the ASD to staggered-PRT sequences,

consider an underlying uniform-PRT sequence

fV(kTu)g, where Tu is the sampling period, such that

staggered-PRT sampling can be obtained by decimation;

that is, the PRTs in the staggered-PRT sampling scheme

are integer multiples of Tu: T1 5 n1Tu and T2 5 n2Tu. In

addition, the staggered-PRT ratio is T1/T2 5 n1/n2, and

the period of the staggered-PRT sampling scheme is

Ts 5T1 1T2 5 (n1 1 n2)Tu 5 nsTu with ns 5 n1 1 n2.

As before, we can form an arbitrary number of

M-sample subsequences: fV(mTs)g, fV[(m1 n1/ns)Ts]g,
fV[(m1 1)Ts]g, fV[(m1 11 n1/ns)Ts]g, etc., where

0#m,M. Here, we are purposely forcing a sampling

1 CLEAN-AP �2009 Board of Regents of the University of

Oklahoma.

2 The lag window is the autocorrelation of the data window at a

particular lag l (Doviak and Zrnić 1993).
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period of Ts that leads to fractional indices; however,

these are equivalent to integer indices for the underlying

sampling period Tu. Figure 1 illustrates this process for a

staggered-PRT ratio of 2/3 (i.e., Ts 5 5Tu). With these

definitions, we can use (2) to compute Fo, Fn1/ns, F1,

F11n1/ns, etc., by allowing i to take both fractional and

integer values, that is, i5 0, n1/ns, 1, 11 n1/ns . . .. In turn,

these can be paired in different ways to compute theASD

of a staggered-PRT sequence for fractional or integer

lags as

Ŝ
l2l0( f )5

T
s

M
F

l0*( f )Fl
( f ), 2(2T

s
)21 , f , (2T

s
)21 . (4)

For example, the ASD for lags n1/ns, n2/ns, and 1 can be

computed as Ŝn1/ns20, Ŝ12n1/ns, and Ŝ120, respectively.

These particular lags will be the focus of section 4 on

using the ASD for spectral analysis of staggered-PRT

sequences.

Because of the similarities between (1) and (4), the

properties derived for the ASD of uniform-PRT se-

quences can be readily extended to the ASD of

staggered-PRT sequences. Warde and Torres [2014,

(A6)] showed that the expected value of the lag-lASD is

E[Ŝ
l
( f )]5T

s�
n

R[(n1 l)T
s
]w(nT

s
)e2j2pfTsn , (5)

where R is the autocorrelation function, w is the lag

window, and n spans the set of integers. This expression

can be naturally extended to the lag-(l2 l0) ASD in

(4) as

E[Ŝ
l2l0( f )]5T

s�
n

R[(n1 l2 l0)T
s
]w(nT

s
)e2j2pfTsn . (6)

Because we are interested in expressing the expected

value of the ASD of a staggered-PRT sequence in terms

of the ASD of its underlying uniform-PRT sequence, let

us make the substitution Ts 5 nsTu and the change of

variable n0 5 nns to obtain

E[Ŝ
l2l0( f )]

5 n
s
T
u�

n0
R[n0T

u
1 (l2 l0)n

s
T
u
]w(n0T

u
)e2j2pfTun

0
. (7)

Note that n0 consists only of the integer multiples of ns,

so the previous equation can be modified by adding a

periodic train of Kronecker deltas with period Ts and

switching back to the original summation index n,

E[Ŝ
l2l0( f )]5n

s
T
u�

n

R[nT
u
1(l2 l0)n

s
T

u
]w(nT

u
)e2j2pfTun

3 �
k

d[(n2 kn
s
)T

u
] ,

(8)

where, as before, n spans the set of integers. The sum-

mation on the right-hand side of this equation can be

recognized as the DTFT of the sequence

x(nT
u
)5R[nT

u

1 (l2 l0)n
s
T
u
]w(nT

u
)�

k

d[(n2 kn
s
)T

u
] , (9)

which can be obtained using well-known properties as

X( f )5FfR[nT
u
1 (l2 l0)n

s
T
u
]g;Ffw(nT

u
)g;F

�
�
k

d[(n2 kn
s
)T

u
]

�

5 ej2pfTuns(l2l0)FfR(nT
u
)g;Ffw(nT

u
)g; 1

n
s

�
k

d

�
f 2

k

n
s
T
u

�
, (10)

where F denotes the DTFT operator and

2(2Tu)
21 , f , (2Tu)

21. Finally, (10) can be inserted

into (8), and we can use the fact that the PSD (S) is

proportional to the DTFT of the autocorrelation, that is,

S( f )5TuFfR(nTu)g. Thus, the expected value of the

ASDof a staggered-PRT sequence can be expressed as a

FIG. 1. Example of staggered-PRT sampling with n1 5 2 and

n2 5 3, i.e., Ts 5 5Tu. (top) Staggered-PRT sampling (solid lines)

via decimation of an underlying uniform-PRT sequence with

sampling period Tu (dotted lines). The remaining panels illus-

trate the first three uniform-PRT subsequences with sampling

period Ts that can be obtained from the staggered-PRT

sequence.
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function of the PSD of its underlying uniform-PRT se-

quence as

E[Ŝ
l2l0( f )]5�

k

S(f 2kf
s
)e j2p(f2kfs)Tuns(l2l0);W(f ) , (11)

where fs 5T21
s 5 (nsTu)

21.

It is interesting to note that in the mean and for a very

large number of samples (i.e., ignoring windowing

effects),

lim
M/‘

E[Ŝ
l2l0(f )]5 �

k

S(f 2 kf
s
)ej2p(f2kfs)Tuns(l2l0) ; (12)

namely, the fractional-lag-(l2 l0) ASD of a staggered-

PRT sequence is the integer-lag-ns(l2 l0) ASD of its

underlying uniform-PRT sequence, S(f )ej2pfTu[ns(l2l0)],

aliased in the interval 2fs/2, f , fs/2. Figure 2 illus-

trates this for a staggered-PRT sequence with a PRT

ratio of 2/3 (ns5 5). In this depiction, the lag-2/5 ASD of

the staggered-PRT sequence is obtained as the aliased

lag-2 ASD of the underlying uniform-PRT sequence.

Because fs 5 fu/5, the Nyquist cointerval corresponding

to Tu can be thought of as being divided into five sub-

intervals that alias and combine to form the ASD of

the staggered-PRT sequence (these subintervals are

denoted with roman numerals in the figure). The lag-3/5

and lag-1 ASDs of the staggered-PRT sequence could

be similarly obtained as aliased versions of the lag-3

and lag-5 ASDs of the underlying uniform-PRT se-

quence, respectively. Whereas the magnitude of these

ASDs would be the same as the one in Fig. 2, their

phases would be different. This is because the phases

of the ASD of the underlying uniform-PRT sequence

at lags 2, 3, and 5 are also different and given by

2(2pfTu), 3(2pfTu), and 5(2pfTu), respectively. It is

interesting to note that these phases are periodic

functions of f with periods given by 5fs/2, 5fs/3, and

5fs/55 fs, respectively. Hence, the phase of the lag-5

ASD of the underlying uniform-PRT sequence is the

same in each of the five fs-wide subintervals, and they

alias onto the same line to form the lag-1 ASD of the

staggered-PRT sequence.

As with uniform-PRT sequences, the ASD is trivial

when the number of samples is very large: its magni-

tude is the aliased PSD of the underlying uniform-PRT

sequence, and its phase is an aliased linear function

with slope proportional to ns(l2 l0). However, in the

presence of windowing effects and for the typical

numbers of samples employed on operational weather

radars, the phase of theASD is not trivial and, as will be

illustrated in section 4, it provides additional in-

formation to perform spectral analysis of staggered-

PRT sequences.

3. Autocorrelation estimation based on the ASD

As discussed in the introduction, the staggered-PRT

algorithm relies on autocorrelation estimates at lags T1

and T2 from which Doppler velocities are computed and

used in a velocity dealiasing algorithm (Torres et al.

2004). While autocorrelation estimates can be easily

obtained in the time domain, if spectral processing is

needed (e.g., for ground clutter filtering purposes), it

makes sense to use a frequency domain autocorrelation

estimator. In this section, we introduce an ASD-based

autocorrelation estimator for use with staggered-PRT

sequences.

Similar to the ASD-based autocorrelation estimator

introduced by Warde and Torres (2014), the autocor-

relation at lag (l2 l0)Ts can be estimated from the cor-

responding fractional-lag ASD estimate as

FIG. 2. (bottom two) Example of the lag-2/5 ASD for a staggered-

PRT sequence with a PRT ratio of 2/3 and (top two) the corre-

sponding lag-2 ASD for the underlying uniform-PRT sequence.

Dotted vertical lines partition the Nyquist cointerval corresponding

to the underlying uniform-PRT sampling into five subintervals (I–V)

that alias and combine to form the ASD of the staggered-PRT se-

quence. Light lines labeled with roman numerals in the bottom plot

correspond to the aliased ASD phases from the same subinterval in

the ASD of the underlying uniform-PRT sequence.

54 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 34

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 09/24/21 12:44 PM UTC



R̂[(l2 l0)T
s
]5

1

T
s

ðfs/2
2fs/2

Ŝ
l2l0(f ) df . (13)

In practice, the ASD is estimated using the discrete

Fourier transform (DFT) so that

F
i
(k)5 �

M21

m50

d(m)V(m1 i)e2j(2pmk/M),

where i5 l or l0 , (14)

and

Ŝ
l2l0(k)5

T
s

M
F
l0*(k)Fl

(k), for 0# k,M . (15)

Thus, the lag-(l2 l0)Ts autocorrelation can be obtained

from the corresponding ASD estimate as

R̂[(l2 l0)T
s
]5

1

T
s
M

�
M21

k50

Ŝ
l2l0(k) . (16)

Following the same procedure as in appendix B of

Warde and Torres (2014), the expected value of the

ASD-based autocorrelation estimator can be found by

substituting (15) and (14) into (16); that is,

R̂[(l2 l0)T
s
]5

1

M2 �
M21

k50
�
M21

m50
�
M21

m050

d(m)d(m0)V*(m1 l0)V(m0 1 l)e2j[(2pk/M)(m02m)]

5
1

M
�
M21

m50

d2(m)V*(m1 l0)V(m1 l) , (17)

where we used the fact that the sum of the complex

exponentials on k is Md(m0 2m) (Oppenheim and

Schafer 2009). The previous equation shows that for a

rectangular data window [i.e., d(m)5 1 for 0#m,M],

the ASD-based autocorrelation estimator is mathe-

matically equivalent to the time-domain unbiased au-

tocorrelation estimator. For other normalized data

windows, this equivalence is lost but the ASD-based

autocorrelation estimator is unbiased, that is,

EfR̂[(l2 l0)T
s
]g5 1

M
�
M21

m50

d2(m)E[V*(m1 l0)V(m1 l)]

5R[(l2 l0)T
s
] .

(18)

Therefore, despite aliasing, the ASD of staggered-PRT

sequences can be used as the basis to obtain unbiased

autocorrelation estimates.

4. Spectral analysis of staggered-PRT sequences

Having defined the ASD for staggered-PRT se-

quences and derived a corresponding autocorrelation

estimator, in this section we present a few examples to

illustrate the strengths and limitations of the ASD for

spectral analysis of staggered-PRT sequences.

a. Simulated data analyses

For the following examples, simulated staggered-PRT

sequences are obtained by decimating a uniformly

sampled sequence (i.e., the underlying uniform-PRT

sequence) obtained with the simulator described by

Zrnić (1975). For all cases, T1 5 1ms, T2 5 1.5ms (the

PRT ratio is 2/3),M5 32 (the total number of samples is

65), and the radar wavelength is 10 cm; thus, the un-

ambiguous velocities corresponding to Tu and Ts (ya,u
and ya,s) are 50 and 10m s21, respectively. Figures 3–8

show the magnitude (top panels) and phase (bottom

panels) of the ASD at lags 2/5 (left panels), 3/5 (middle

panels), and 1 (right panels) as a function of Doppler

velocity. The dashed lines in the phase plots correspond

to the aliased theoretical ASD phases of the underlying

uniform-PRT sequence ignoring data windowing ef-

fects: they are linear functions given by 2p(l2 l0)y/ya,s
and are aliased in the Nyquist cointerval6ya,s. Note that

these are mirror images of the theoretical lines in Fig. 2

because y and f are related by y52lf /2.

We designed the following examples with the goal of

illustrating how the ASD of staggered-PRT sequences

changes as signal characteristics change. We start with

the simple case of a single signal and progress toward the

more complex case of a combination of signals for which

the use of spectral analysis is justified. Figure 3 shows the

ASD of a typical staggered-PRT weather signal with a

signal-to-noise ratio (SNR) of 40 dB, a mean Doppler

velocity (y) of 0m s21, and a spectrum width (sy) of

2m s21. Whereas these are somewhat arbitrary param-

eters, Fang et al. (2004) showed that the median spec-

trum width in most storms is less than 2m s21. Further,

the zero mean Doppler velocity is adopted to later

compare this with a typical ground clutter signal. De-

signed as such, this first example is not very interesting:

there is no aliasing of the underlying uniform-PRT se-

quence ASD, the magnitudes of the ASD at all lags are
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similar (although not identical), and there is good

agreement between the theoretical and measured ASD

phases. The dotted lines in the figure show where the

theoretical (ignoring windowing effects) ASD phases of

the underlying uniform-PRT sequence would alias. As

mentioned in the previous section, the phases for

integer-lag ASDs alias to the same line; however, in

general, the phases for fractional-lag ASDs alias to dif-

ferent lines, which can be exploited to infer the location

of the underlying uniform-PRT spectrum in the ex-

tended Nyquist cointerval (this will be shown in a later

example). Figure 4 shows the ASD of a typical

staggered-PRT ground clutter return with SNR5 40dB

and y 5 0ms21. The spectrum width is chosen as

sy 5 0.28m s21, which is the same as the one used for

testing the WSR-88D ground clutter filter performance

(Sirmans 1992). This case is more interesting because,

for all lags, there are prominent biases in the phases of

the measured ASD (compared to the theoretical lines),

indicating the presence of a narrowband signal. Also,

compared to the lag-1 ASD, the phases of the fractional-

lag ASDs corresponding to the spectral components of

the noise have markedly different behavior. That is,

whereas the lag-1 ASD phases of the noise components

are close to the theoretical line, those for lags 2/5 and 3/5

appear to be random. This is because the aliased spectral

components of the lag ns ASD of the underlying

uniform-PRT sequence add coherently (i.e., the phases

are the same) to produce the lag-1 ASD of the corre-

sponding staggered-PRT sequence.

Figure 5 shows theASD of a staggered-PRT sequence

with SNR 5 40dB, y 5 20m s21, and sy 5 0.28m s21.

Although this is a narrowband signal with the same

spectrum width as the typical ground clutter signal used

in the previous example, it has a nonzero Doppler ve-

locity so it is not representative of ground clutter re-

turns. However, its velocity is such that it aliases to zero;

thus, it would look like a typical ground clutter signal in

the PSD (magnitude only). This example illustrates the

power of the ASD of staggered-PRT sequences at

fractional lags: while the magnitude and phase of the

lag-1 ASD makes this signal look like a typical ground

clutter return, the phases of the ASD at lags 2/5 and 3/5

lie on different theoretical lines and provide clear evi-

dence that the underlying uniform-PRT signal does not

have a zero mean Doppler velocity. Thus, using the

phase information from the fractional-lag ASDs, it

could be possible to dealias the spectrum (similarly to

how v1 and v2 are used to obtain a dealiased velocity

estimate in the staggered-PRT technique). However,

this is not always feasible as shown in the next example.

Figure 6 shows the ASD of a staggered-PRT weather

FIG. 3. (top) Magnitude and (bottom) phase of the ASD at lags (left) 2/5, (center) 3/5, and (right) 1 as

a function of Doppler velocity for a simulated staggered-PRT sequence typical of weather returns. The

sequence has 65 samples with T1 5 1ms and T2 5 1.5ms, the SNR is 40 dB, the mean Doppler velocity is

0m s21, and the spectrum width is 2m s21. The dotted lines in the phase plots correspond to the aliased

theoretical ASD phases of the underlying uniform-PRT sequence, and the solid lines correspond to the

measured ASD phases of the corresponding staggered-PRT sequence.
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signal with SNR5 40dB, y 5 0m s21, and sy 5 8m s21.

In this case the spectral extent of the signal exceeds the

Nyquist cointerval of 20ms21 dictated by Ts, and ali-

asing on the fractional-lag ASDs results in the in-

coherent addition of spectral components, a process that

prevents robust identification of the proper Nyquist

cointerval for effective dealiasing of the spectrum. That

is, the phases of the fractional-lag ASDs do not lie on

any of the theoretical lines. As expected, the limitations

imposed by the spectrum width are the same as in the

FIG. 5. As in Fig. 3, but the mean Doppler velocity is 20m s21 and the spectrum width is 0.28m s21.

FIG. 4. As in Fig. 3, but for a simulated staggered-PRT sequence typical of ground clutter returns; the

mean Doppler velocity is 0m s21 and the spectrum width is 0.28m s21.
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case of the PSD (Sachidananda and Zrnić 2000). That is,

the ASD of staggered-PRT sequences is a better tool for

spectral analysis when the spectral extent of the un-

derlying uniformly sampled signal is less than ya,s as il-

lustrated in the previous three examples.

Figures 7 and 8 show the ASD of a composite

staggered-PRT signal containing weather and ground

clutter returns. For the case in Fig. 7, the ground clutter

signal has a clutter-to-noise (CNR) ratio of 40 dB,

y 5 0ms21, and sy 5 0.28ms21; and the weather signal

FIG. 6. As in Fig. 3, but the mean Doppler velocity is 0m s21 and the spectrum width is 8m s21.

FIG. 7. As in Fig. 3, but for a composite signal typical of a ground clutter and weather mix. The pa-

rameters of the ground clutter signal are the same as in Fig. 4; for the weather signal, the SNR is 30 dB, the

mean Doppler velocity is 28m s21, and the spectrum width is 2m s21.
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has SNR5 30dB, y 5 28ms21, and sy 5 2m s21. These

parameters are such that the ground clutter and weather

spectra are minimally overlapped after aliasing. In this

situation, the phases of the fractional-lag ASDs reveal

that the two signals come from different Nyquist co-

intervals. That is, the phases of the ASD around zero

and 8ms21 velocities follow different theoretical curves

and could be used to properly dealias the spectrum.

Also, as expected, the ASD phases corresponding to the

(narrowband) ground clutter signal are more biased,

whereas the ones for the (wideband) weather signal are

less so. Unlike this last case, the weather signal in Fig. 8

has SNR5 35dB, y 5 22ms21, and sy 5 2m s21, which

result in significant overlap of the individual spectra

after aliasing. Because the individual signal powers are

about the same near 0m s21, the ASD phases of the

spectral coefficients with contributions from the two

signals do not follow any of the theoretical curves.

Outside this region, the phases are dominated by the

stronger signal (the weather signal) and appear around

their theoretical values. Similar to the signal in Fig. 6, the

phase biases near 0m s21 due to aliasing prevent effec-

tive dealiasing but could provide a means to identify the

presence of multiple signals in a given band of the

aliased spectrum.

b. Real data analysis

Staggered-PRT data collected with the S-bandKOUN

radar (Norman, Oklahoma) at 2049 UTC 4 March 2004

is used next to illustrate spectral analysis using the ASD.

Data corresponds to a large mesoscale convective sys-

tem that moved from the south and resulted in strong

winds and a severe thunderstorm warning for the area.

For this case, T1 5 1.6ms, T2 5 2.4ms (the PRT ratio is

2/3),M5 26 (the total number of samples is 54), and the

radar wavelength is 11.09 cm; thus, the unambiguous

velocities corresponding to Tu and Ts (ya,u and ya,s) are

34.7 and 6.94ms21, respectively.

Figure 9 shows the magnitude (top panels) and phase

(bottom panels) of the ASD at lags 2/5 (left panels), 3/5

(middle panels), and 1 (right panels) as a function of

range (y axis) and (aliased) Doppler velocity (x axis)

for a 28 ray centered at an azimuth angle of 1388 and an

elevation angle of 0.58. To improve the readability of the

plots, only range locations within 120 km from the radar

are shown, and the spectra are smoothed with a 1-km

range-averaging moving window. As expected, the

magnitudes of the ASDs at all lags are very similar, and

the phase of the lag-1 ASD is trivial. However, the

phases of the ASDs at lags 2/5 and 3/5 reveal interesting

information and can be used to dealias the spectra.

Figure 10 depicts the expected phase of the ASD at

lags 2/5, 3/5, and 1 of a staggered-PRT weather signal

with a 40-dB SNR, a 4ms21 spectrumwidth, and amean

Doppler velocity ranging from 234.7 to 34.7m s21 for

the same acquisition parameters (PRTs and radar

wavelength) used in the KOUN data. This figure

provides a ‘‘key’’ for interpreting the ASD phases in

FIG. 8. As in Fig. 7, but for a weather signal with an SNR of 35 dB, a mean Doppler velocity of 22m s21,

and a spectrum width of 2m s21.
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Fig. 9. For example, the ASD phases at lag 2/5 in Fig. 9

for (aliased) velocities around 0ms21 show mainly in

light green (e.g., at ranges less than 15km), in dark or-

ange (e.g., between 25 and 35 km), or in light blue (e.g.,

between 50 and 70 km). From Fig. 10, it is easy to see

that these colors correspond to true velocities in three

different Nyquist cointervals: 0 (i.e., no aliasing),213.9,

and227.76ms21, respectively. Also, the ASD phases at

lag 3/5 in Fig. 9 for (aliased) velocities around 5m s21

show mainly in red (e.g., at ranges less than 20km), or in

light green (e.g., between 40 and 120km). From Fig. 10,

these colors correspond to true velocities in two

different Nyquist cointervals: 28.88 and 222.76m s21,

respectively. A similar analysis can be carried out for

each spectral component and using ASD phases at ei-

ther fractional lag.

As mentioned before, another advantage of using the

ASD for spectral analysis is in its ability to identify strong

narrowband signals such as those corresponding to

ground clutter returns. Whereas ground clutter contam-

ination is readily observed at ranges less than 10km in

both magnitude (higher values: yellow and red) and

phase (near-zero values: light green), the ground clutter

contamination at ;24km is evident only in the phase of

FIG. 9. ASD spectra corresponding to a ray of time series data collected with the KOUN radar at 2049 UTC 4Mar 2004 as a function of

Doppler velocity (x axis) and range (y axis). (top) Magnitude and (bottom) phase of the ASD at lags (left) 2/5, (center) 3/5, and (right) 1

are color coded and are shown for all range locations within 120 km of the radar. At each range location, there are 54 staggered-PRT

samples with T1 5 1.6ms and T2 5 2.4ms. The range spacing is 250m and ya,s is 6.9m s21.
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the ASD. Figure 11 shows the ASD spectra at this loca-

tion similarly to Figs. 3–8, where it is evident that the

spectral components near zero velocity correspond to the

ground clutter signal (i.e., they exhibit near-zero ASD

phases) and those away from zero velocity are aliased

(i.e., they agree well with the theoretical phase line cor-

responding to the Nyquist cointerval between 213.88

and 227.76ms21) and correspond to the weather signal.

FIG. 10. Expected phase of the ASD at lags (left) 2/5, (center) 3/5, and (right) 1 for staggered-PRT

weather signals with a 40-dB SNR, a 4m s21 spectrum width, a true mean Doppler velocity ranging from

234.7 to 34.7 (y axis), and the same acquisition parameters as the data in Fig. 9. Color patterns in this

figure can be correlated with the phases in Fig. 9 to easily identify the correct Nyquist cointerval for all

(aliased) spectral components of the data under analysis.

FIG. 11. As in Fig. 3, but for the real data in Fig. 9 at a range of ;24 km.
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5. Conclusions

The autocorrelation spectral density (ASD) is an al-

ternative tool for the spectral analysis of weather radar

signals. In this paper, the ASD was applied to staggered

pulse repetition time (PRT) sequences that use two al-

ternating PRTs. The ASD of a staggered-PRT sequence

was shown to be the aliased version of the ASD of

the corresponding underlying uniform-PRT sequence.

Thus, many of the uniform-PRT ASD properties di-

rectly apply or can be generalized. An ASD-based au-

tocorrelation estimator was introduced and was shown

to be unbiased and mathematically equivalent to the

time-domain unbiased autocorrelation estimator when

using a rectangular data window. The proposed ASD-

based autocorrelation estimator can be used in the

staggered-PRT algorithm in place of the traditional

time-domain autocorrelation estimators. This is justified

when performing spectral processing such as ground

clutter filtering, which is the subject of Part II of this

paper. The strengths and limitations of the ASD for

spectral analysis of staggered-PRT sequences were il-

lustrated using a few examples of simulated and real

data. Like with uniform-PRT sequences, the phase of

the ASD of staggered-PRT sequences provides a means

to identify strong narrowband signals, such as those

corresponding to ground clutter returns. Additionally,

when the spectral extent of the signals under analysis is

sufficiently narrow, the phase of the fractional-lag

ASDs can be used to perform spectral dealiasing and

to identify the presence of multiple signals in the spec-

trum. However, the usefulness of the ASD for spectral

analysis of staggered-PRT sequences diminishes, as the

spectral extent of the signals becomes too wide. Nev-

ertheless, the ASD has the potential to improve the

performance of operational weather radars by enabling

the implementation of range and velocity ambiguity

mitigation techniques based on the staggered-PRT

sampling scheme. That is, the ASD can be at the core

of an operational staggered-PRT algorithm that

achieves larger maximum unambiguous velocities

without a corresponding reduction in range coverage

while maintaining the required levels of ground clutter

suppression.
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